The intensity distributions in the negative and first and second positive band systems of nitrogen are determined for a number of excitation mechanisms. The results are compared with the intensity distributions observed from upper atmospheric sources with a view to understanding the processes occurring.
. I n t r o d u c t io n
In the study of the spectra of the nocturnal and twilight sky, and of aurorae, it is desirable th a t in addition to the accurate determination of the wave-length of each emission, attention should also be directed to the intensities, information on which is useful in establishing the validity of proposed identifications, and in determining the mechanisms that are responsible for the excitation.
There are two main aspects of the problem, the direct observational work, and the provision of basic comparison data. A fair amount of the former has already been done. I t is with the latter th at the present paper is concerned. The intensity dis tribution in various nitrogen band systems is investigated theoretically. The results obtained, supplemented by such laboratory measurements as are available, are used in a discussion of certain features of the radiations from the upper atmospheric sources. 2
. T h e m e t h o d o f c a l c u l a t io n o f r e l a t iv e p r o b a b i l i t i e s o f t h e t r a n s i t i o n s BETWEEN THE VARIOUS VIBRATIONAL LEVELS OF DIFFERENT ELECTRONIC

STATES OF NITROGEN
2*1. There is no difficulty in computing the relative probability of transitions between a t least the lower vibrational levels of two electronic states. Both for transitions produced by electron impact and for those involving the absorption or n r and n " are here the quantum numbers describing the upper and lower electronic states respectively, v ' and v" are the vibrational quantum numbers; and R(n', v' | r) and R (n", v" \ r) are the normalized vibrational wave functions, the variable r being the inter-nuclear distance. I t is, of course, assumed th at the value of the electronic transition integral does not depend on this last named quantity.
Neglecting certain minor terms the differential equation for the vibrational wave functions is simply
\^J r ( r* J :) + ^s T v ) -r »} R (
where /i is the reduced mass, h is Planck's constant, e(n, v) the appropriate eigenvalue, and V (n\r) the potential energy. Writing as usual
R(n, v | this becomes ^ -( e ( n,
A good representation of the potential energy is provided by the Morse function (I929)> with and
De(n) {1 -e~*(w>}2, De(n) = hco)e(n)l4x(n), S(n) = a (n )(r -r e(n)), a(n)
= j^w e(w)a:(«)) ,
c being the velocity of light and re(n), o)e(n) and x(n) having their standard inter pretation in spectroscopic literature. Using (4) the solutions of (3) can, as is well known, be written down in analytical form in terms of the Laguerre polynomials.
For v -0,1,2 and 3 respectively the solutions are as follows:
S(n, 0 | r) = N ( n ,0) exp [ -{£(w) (1 -)
8(n, lfr)-N(n, l){S(n, 0 1 r)jN{n, 0)}{1 -(1 -2 e«<*)},
S(n, 2 | r) = N(n, 2) {S(n, 0 | r)/N(n, 0)}{1 -2(1 -3 e,(n) + (1 -3 (1 -4 e2^)},
8(n, 3 | r) = N(n, 3) {£(w, 0 | r)jN{n, 0)} {1 -3(1 -4 e^> + 3(1 -±xe(n))(\ -5a:e(w))e2<S(n) -(1 -4 (1 -(1 -6xe(n)) e8,(n)],
the N 's being normalizing factors. The molecular parameters a(n), xe(n) and re(n) have been found experimentally. Their values for the states X 1^, A 32 " , C m uof N 2 and X 2S^, jB22+ of are shown in table 1, which is compiled from data given by Herzberg (1939) (for the ground states) and by Sponer (1935) (for the excited states). Sponer's figures were revised, using the more recent determinations of the basic physical constants, so as to make them consistent with those of Herzberg. Substituting from table 1, the first three or (in a few instances) four S functions* for the electronic states mentioned were evaluated and some 70 integrals of the type involved in (1) were computed numerically. 0), S(n, 1) and 8(n, 2) are illustrated in figure 1 for the states of N 2, and N^.
Intensity distribution in the nitrogen band systems 219
T a b l e 1 . M o l e c u l a r p a r a m e t e r s I t is clear the ^-functions are not sensitive to a[n) or xe{n) so th at the integrals depend mainly on re(n) (which is probably well determined in all cases) and not on the details of the form of the potential energy curves. This suggests th at the use of the Morse function is unlikely to introduce serious inaccuracies. I t may be recalled too th at Langstroth (1934 Langstroth ( , 1935 has evaluated a few of the p 's, using as a model Hutchisson's harmonic oscillator (1930) . His results generally do not differ greatly from those obtained by the more detailed treatment. For example, in the transition C SIIM -X of N2 Langstroth gives p (0 ,0), p (l, 0) and p(2,0) to be 0*53, 0*34 and 0*08, whereas the present work gives them to be 0*52,0*31 and 0* 12. The errors caused by the assumption th at the value of the electronic transition integral is independent of the inter-nuclear distance are difficult to estimate. Actually of course this integral is a function i(r)of the inter-nuclear distance and the relative probabilities of tran tions between the various vibrations depend not on the p 's previously defined, but rather on quantities q given by,
q(n', v'\ n", v") = f i{r) R v' | r) v" | r) r2 IJo
As far as can be judged from the atomic or molecular orbital models, i(r) does not in general vary a t all rapidly for parallel-type transitions (i.e. AA = 0)-usually less than as a first power of r. In order to obtain an indication of the importance of the effect a number of representative q's were computed taking i(r) to be simply and adjusting k the constant of proportionality so that x is unity (fe being the mean of the re's of the two states involved). Some of the values obtained, together with those of the corresponding p 's are given in table 2. The differences are not unduly great. Those obtained if i(r) is taken as kjr (with kjre unity) are of similar magnitude: but this is of less interest. The position regarding perpendicular-type transitions (i.e. AA = ± 1) is more uncertain. p (n ',v '\ n ", v") q(n',v'; n 'f,v As will be seen later, the view th a t the theoretical results should be quite accurate is supported by comparison with experimental data. A particularly satisfactory feature is th a t there is no very marked worsening of the agreement for those bands th a t involve the higher vibrational levels studied (for which, of course, the theory is likely to be the least accurate). 2*2. Though the p 's form a convenient basis for discussion it is usually not they but other physical quantities related to them th at are of direct interest. The formulae involved are standard but are briefly stated here for reference.
Emission. The spontaneous transition probability associated with the band ( v'; v*)* is, of course, proportional to p (v', v") v(v', v") 3, w of the radiation emitted. I f g (v' ) is the rate of population of the levels v', the rate of photon emission in this band is therefore given by a{v', v") = g{v')p (v\ v" ) v(v', v") v(v>>*>") v(vr, v") when it can be taken to be a constant which is independent of v' and v". If, as well as excitation, there is ionization (as N2, X ->N^, B ), K p(v) is zero only below the critical frequency: this is true also of Ae(e) (either for simple excitation or for ionizing excitation): both can be regarded as approximately the same functions for all bands (v. i n f r a , table 27, however). Before proceeding to the discussion it may be mentioned th at laooratory measure ments usually only give the intensities of the various bands for unknown relative rates of population of the upper vibrational levels. Immediate comparison with theory is thus not possible. However, if the data are sufficiently complete, the p 's can be obtained since, as can readily be seen,
I t is useful to note th at when the experimental results are reduced in this way the following simple tests can be applied to check their accuracy.
(a) The sum of the p 's in any v' progression should be unity,
* For brevity the quantum numbers designating the electronic states will in future be omitted, t The method of evaluating the p 's of course ensures th at the corresponding property of the v* -progressions is automatically satisfied.
(6) The sum of the square roots of the products of corresponding p 's in any two v' or v" progressions should, for some grouping of the signs, be zero,
0 (when correct signs taken)
Both these tests can be deduced a t once from the elementary properties of a complete set of normalized eigenfunctions. They depend, however, on the assumption th a t the electronic transition integral is approximately independent of the intemuclear distance.
3. T h e n e g a t iv e sy ste m 3*1. The basic data
The negative system arises from the B 22 + -> X transition of the molecular ion N^. For convenience the wave-lengths of some of the principal members are quoted in table 3 which is based on the work of Herzberg (1928) .
T a bl e 3. W a v e -lengths of b a n d s of n eg a t iv e sy ste m (A) 0  3914  4278  4709  5228  5865  1  3582  3884  4236  4652  5149  5754  2  3308  3564  3858  4199  4600  5076  5653  3  3078  3299  3549  3835  4167  4554  5012  5562  4  3076  3293  3538  3818  4141  4516  4958   Table 4 gives the p 's for a number of the bands as calculated by the method described in § 2* 1. Herzberg (1928) has carried out an extensive series of intensity measurements in the laboratory. His results, converted to the form of p 's are shown in table 5. For the v' = 0 and v' = 1 progressions the intensities of all bu t the feeble measured so th a t the simple reduction procedure discussed in § 2*2 could be applied a t once. Unfortunately a few of the bands of the other such progressions were obscured and in consequence their intensities could not be determined-in particular figures are not available for the bands (2,0) and (3,3). However, this difficulty can be a t least partially overcome by making use of some of the properties of the p 's mentioned in the previous section, and noting th a t the band system is confined mainly to low values of | v' -v " |. First, p (2 ,0) was chosen so th V' The ratios of the remaining p 's in the v' = 2 pro measurements as usual and their absolute magnitudes were fixed by the condition th a t TiP(2,v") = 1 (with p (2 ,0) as just chosen). For the = 3 progression the X T measurements again enabled the ratio of all the p 's except one to be determined and their absolute magnitudes were found by adjusting p (3 ,1) so th a t 2 p(v", 1) = 1. xf Finally the relation 2j>(3, v") = 1 gave the missing p (3 ,3). The tf method of analysis probably does not introduce very mtich uncertainty. I t will be noted th at the p 's given satisfy test (6) of § 2*2 in as far as it can be applied. Thus
as is required, and
which is only slightly in error. Test (a) cannot, of course, be applied as it was used in the building up of the table. Omstein & van Wijk (1928) have measured the relative intensities of a small number of the bands. Their results are sufficient to enable 0,0) and 0,1) to be estimated as about 0*69 and 0*23 respectively (in close agreement with Herzberg). Crude lists of intensities have been published by Merton & Pilley (1925) and by Smyth & A m ott (1930) but these, though useful in confirming the general trend, are not precise enough to be used in quantitative discussion. Comparison of tables 4 and 5 shows th at there is fair accord between the p 's obtained by calculation and those obtained from the laboratory measurements. I t seems justifiable therefore to regard the values with some confidence. The most convenient final way of presenting the results for the future applications is to give them in the form of the band intensities th at would ensue if there were equal rates of population of the vibrational levels of the excited state (cf. § 2*2). This is done in table 6. The figures are an average of those derived from the two sets of p 's. The units are arbitrary.* In addition to their importance so far as the actual emission is concerned, tables 4 and 5 are of value in studying excitation from the ground state of the ionized mole- cule. So th at excitation from the ground state of the neutral molecule can be dis cussed, calculations were performed on the p 's for the transition N2, X->N^, and (less important but desirable for completeness) N2, * 2 / -^-N^X 22^. Tables  7 and 8 contain the results derived. Enough has now been done to enable the intensity distribution arising from a variety of mechanisms and conditions to be determined rapidly.
Two obvious cases a t once present themselves, excitation by the collision of electrons with neutral or ionized molecules in their ground electronic states and in their zeroth vibrational levels. Using equations (10) and (12) (w ith/(e) taken as constant) tables 6 and 7, and the mean of tables 4 and 5, the intensities given in tables 9 and 10 were obtained. In examining these it should be noted tha the same total excitation rate was assumed for both.
A useful partial check on the correctness of table 9 (and in consequence of table 7) is provided by the work of Langstroth (1934) who carried out an experiment in which no excitation process, other than the one there considered, could be appreci able. He found the ratio of the intensities of the (0,1) and (1,2) bands to be 7*0. As can be seen from the figures in the table 7*3 is the corresponding predicted ratio. The agreement is thus excellent. I t is perhaps worth mentioning th a t Langstroth was able to verify th a t the ratio does not depend on the electron energy even when this is only 21 eV (the lowest employed).
No experimental data exist with which to compare the results given in table 10. However, their essential correctness cannot be in doubt as they depend only on the value of the p 's associated with the N^", B 2E +-X 22 + transition which as noted earlier seem to be well established. Under upper atmospheric conditions the particles are not necessarily confined to their zeroth vibrational level and it is desirable to investigate the effect of this. The calculation of the relative rates of population of the various vibrational levels of the excited state was therefore carried out as before but with a Boltzmann dis tribution among the vibrational levels of the ground state. Table 11 gives the results for a wide temperature range. From these and table 6 the relative intensities of the bands can be deduced immediately. The expression for the corresponding rates for excitation by sunlight is given in equation (11). Unfortunately, nothing is known about the function f p(v) for the ionization process N,(X *S+) + hv NJ (
as the photons involved lie outside the observable spectral region. If, however, the energy flux can be assumed to be constant over the relatively small frequency range of importance the same figures as those in table 11 (case (a)) for excitation by electron bombardment can be taken. I t is possible to treat with greater precision the more interesting direct resonance process NJ(X*S+) + fcv->N*+(B*S+).
The relevant f(v) was found by combining the solar radiation measurements of Minnaert, Mulders & Houtgast (1940) and of P ettit (1940) and integrating over the individual bands (taking account of their rotational structure). In table 12 the relative population rates obtained are given. Before proceeding to the study of the upper atmospheric emission one further mechanism th at may influence the relative intensities must be considered. So far in discussing the excitation of the negative bands system from N^,X 22 + , by electron impact or by photo-absorption, it has been assumed th at the distribution among the vibrational levels is fixed in some specified way. Actually, however, unless collisions are very effective in maintaining it the distribution is rapidly altered since changes in the vibrational quantum number may occur in the primary transition N2 +, X 2S+->N 2 +, B^t and in the subsequent transition Na +, B 2S + -*N 2 +, X 22+.* In the equilibrium th at is ultimately established the gain and loss to any vibrational level must clearly be equal. The resultant distribution in the extreme case where activating or deactivating collisions are ignored is therefore governed by the following set of simultaneous equations
Here the r is denote the equilibrium relative number of ions in each vibratio level, the a 's the excitation rates/unit concentration, and the /?'s the photon emission/unit excitation rate: as always v' and v" respectively indicate the vibra-tional quantum numbers in the upper and lower electronic states. In the notation of §2-2
and
Using these relations and the data already tabulated, the coefficients appearing in (18) were evaluated and the equations solved to give the w's. The rates of population of the vibrational levels of N J, -B22+ were then determined as usual, the results obtained being given in table 13. For simplicity those levels with vibrational quantum number equal to or greater than 3 were throughout grouped together. 3-2. Discussion The observational data cm the relative intensities of the members of the negative system as emitted from an upper atmospheric source is still far from complete so th at full use cannot as yet be made of the results compiled in the preceding section. A preliminary discussion can, however, be attempted.
T a b l e 13. R e l a t i v e b a t e s o f p o p u l a t i o n o f t h e v a b i o u s v i b b a t i o n a
3-2-1. Perhaps the most accurate measurements that have been made are those on low latitude aurorae.* Working in Haute Provence, Barbier (1947) was able to obtain a spectrum of the great aurora th at occurred, during the nights of 17 and 18 April 1947. He estimated that the altitude of the aurora was probably of order 250 to 300 km. and judged th at it was not illuminated by the sun.f He found th a t the negative system showed strongly with an intensity distribution very different from th at generally accepted as characteristic of ordinary aurorae such as are observed in Norway (v. infra) . The relative intensities (corrected for atmospheric extinction) he obtained are quoted in table 14. They are given to two figures for convenience, but it should be mentioned that such accuracy is not claimed by Barbier who actually tabulated their logarithms, and these he only gave to within * These aurorae show certain very interesting features and further detailed study of them seems likely to yield valuable information on the upper atmosphere (cf. review of Barbier (1948) ).
f The details regarding the aurora not given in the original publication were kindly supplied to me by Professor Barbier in a private communication. 0*05 (which corresponds to giving the relative intensity itself to within about one p art in ten). The first aspect of the distribution to consider is the variation along a v" progression. Though this does not of course give any information about the excitation process th at is involved it is of importance in th a t it serves as a guide, to the accuracy of the measurements, and to the extent to which they can be relied upon to represent the true relative intensities as emitted. The most instructive way of proceeding is to derive the p 's. In spite of the fact th a t data are lacking for a number of the bands this can be done fairly satisfactorily by adjusting the absolute scale so th at the sums of certain suitably chosen groups of the p 's equal the corresponding sums based on the theoretical and laboratory data. Table 15 gives the results obtained. Taking account of the difficulties associated with auroral observations the agreement with tables 4 and 5 is remarkably close. This suggests th a t Barbier's measurements can be treated as trustworthy. (In some cases it is only possible to say whether the p value is large ( or small (a))
T a b l e 14. I n t e n s i t y d i s t r i b u t i o n o f n e g a t i v e s y s t e m a s
Turning next to the intensity distribution along a v' progression to see what evidence this provides regarding the excitation it is a t once apparent by comparison of table 14 with tables 9 and 10 th a t the simplest processes th a t can be postulated, electron collision with either N 2, X or Ngf", X 22+ in their ze (which is essentially the equilibrium distribution a t low temperature) are unaccept able as they lead to an insufficiently developed band system. Other more complex excitation conditions have therefore to be examined. This can most readily be done, not through the consideration of the relative intensities themselves, but rather through the consideration of g(v'), the relative rates of population of the various vibrational levels of the upper state (which can be derived from them by using table 6). For this purpose table 16 was compiled: the figures given in it were obtained by averaging over all the bands in each progression. The regularity of the variation of g (v' ) is such as to suggest th a t the general trend exhibited is of real significance. However, the slowness of the fall-off is so remarkable th at some confirmation of it is desirable. The examination of suitable spectra for members of the = 4 progres sion would be valuable in this connexion. I t is perhaps useful to mention here th a t the strongest members are probably (4,2) A3293 and (4,3) A3538 and th at crude estimates* indicate th at the intensities of both these (in the units of table 14) should be about 3 or 4.
T a b l e 16. R e l a t i v e b a t e s o f p o p u l a t i o n o f t h e v a r io u s v ib r a t i o n a l
LEVELS OF Njf,
Comparison of tables 16 and 11 shows once again th a t the auroral emission cannot arise from the bombardment, by electrons, of either N a, X or N^, X 2E+ if their vibrational temperature ®(v) is low. Further, though there is better agreement between the relative population rates in the two tables at high 0(v) it is not fully satisfactory except a t about 8000° K, for excitation from the neutral molecule, or a t about 6000° K, for excitation from the ionized molecule. Both these values are very high and neither could be accepted as applying to the translational temperature 0(£).f I t is, of course, conceivable th a t 0(v) and 0(£) are not equal but th at instead the former is very much larger than the latter.
As far as the neutral molecules are concerned there is, however, no obvious action th a t seems capable of supplying vibrational energy sufficiently rapidly to overcome the usual processes tending to produce thermal equilibrium: for example, neither the yield from the association of free atoms to form vibrationally excited molecules nor the action of radiation (absorption followed by emission with overall increase in vibrational energy) appear likely to be adequate. The necessity for invoking a high 0(v) for the neutral molecules might be avoided if an appreciable fraction of the excitations arose from the action
Though detailed calculations have not been performed it is clear from the magnitude of the change in the equilibrium internuclear distance (0*219 A) th at this contributes mainly to the population rates to the upper vibrational levels (see figure 1 ). There is little doubt, however, th at the concentration in the metastable state is so low th at process (21) is in fact unimportant.
* Based on. p (4, 2) = 0*16 an d p (4 ,3) = 0*26 (values derived from Herzberg's measurements as in § 3*1 b ut subject to some uncertainty because of lack of completeness of the data): and on gr(4) = 0*25 (a dubious extrapolation).
t Cf. the survey by Spitzer (1947) . Confirmatory work is desirable to establish th at inac curacies in the intensity data do not cause the tem perature required to be seriously over estimated. The extent of the overestimate possible is difficult to judge but it seems unlikely th a t it can be such as to allow a value of even 4000° K. In the 250 to 300 km. region (where the aurora under discussion is apparently located) the temperature is usually considered to be 2000° K or less.
The position regarding the ionized molecules is interesting as these tend auto matically to become vibrationally excited as a consequence of the very transitions under discussion. Reference to table 13 shows indeed th a t if deactivating collisions are unimportant the resultant degree of vibrational excitation is actually rather too high. Though this might suggest th a t a satisfactory theory could be developed quantitative considerations reveal serious discrepancies. As is well known the transfer of vibrational energy does not normally occur a t all rapidly. None the less ions can be deactivated readily by collision with their parent neutral molecules since the energy transfer can take place indirectly through charge exchange, N2 + (X 2S + ,t;*0)+ N 2(X iS + ,* = 0) ^N a(X v * 0 )+ Na +(X 2S+, = 0). (22) TCa.llmfl.nn & Rosen (1929) have investigated charge exchange in nitrogen. They found the cross-section associated with the process to be 6*3 x 10~15 cm.2. This value cannot be adopted without reserve as in the laboratory experiments the conditions were not identical with those in the upper atmosphere (the ions being relatively energetic and perhaps having a different distribution among the vibrational levels). I f a cross-section of order gas kinetic is taken (and it appears improbable from Kallmann & Rosen's work th a t the true cross-section can be much less) and if the N 2 concentration a t the appropriate altitude is assumed to be 1010/cm.8* then it can be seen th at the number of deactivating collisions must be some 10-1/ion/sec. The effect of these collisions on the relative population rates to N^, I?22+ can be cal culated from an equation similar to (18) but with certain additional terms (the form of which is obvious). Details need not be given here. The essential result is th a t the observed development of the band system can only be reproduced if the electron excitation rate is some 10 times the deactivation rate, th a t is only if each ion is excited on an average once a second. B ut the electron excitation coefficient cannot be greater than about 10-7 cm.8/sec. Hence the required concentration of active electrons is some 107/cm.8: and the concentration of passive electrons m ust be several orders greaterf (cf. appendix). Such concentrations are of course impossible to accept. They would lead for example to an absurdly large rate of photon emission: and other difficulties occur. Finally, it may be mentioned th a t reasons can be given for supposing th a t direct excitation of nitrogen ions is in any case unlikely to be important except perhaps a t extreme altitudes (cf. appendix).
So far in discussing the intensity distribution it has been assumed th a t the excitation arises through electron impact. I f heavy particles such as protons are responsible (a possibility considered by Rayleigh 1922) the whole problem is altered, as in these circumstances the relative rates of population to the various vibrational levels are not the same as given in the tables used. Thus Smyth & A m ott (1930) have demonstrated qualitatively th a t there is a marked tendency for heavy particle excitation to favour transitions involving an increase in vibrational quantum number. This may conceivably provide the explanation of the high development of the negative band system in the low latitude aurorae. I t is not, however, a t present apparent, why in these in particular, excitation by heavy particles should be so important.
To summarize, Barbier's measurements on low latitude aurorae lead to very interesting conclusions. Seemingly the vibrational temperature of the molecules must be extremely high or else heavy particles must give a considerable contribution to the excitation. The first of these alternatives is rather the less probable, encountering as it does very grave difficulties. Until confirmatory work has been carried out it is not thought justifiable to attem pt to elaborate the theory further and no final decision can be reached a t present. 3*2-2. I t has been known for some time that the intensity distribution of the negative system is different in low and high latitude aurorae. Thus Rayleigh (1922) , in an investigation of the blue group (v" -= 2), fou (Shetland) only the (0,2) band A 4709 appeared on his photographs, at Terling (S. England) the (2,4) band A 4600 was equal in intensity to it and the (1,3) band A 4652 was actually stronger.
The only extensive intensity measurements on high latitude aurorae are those by Vegard and his associates in Norway. Vegard & Kvifte (1945) have published data on what they term to be a typical intensity distribution which was obtained from spectrograms taken with very long exposures arranged so that an average was obtained over a great variety of auroral forms. The altitude of the main luminescence was about 100 km., but there were also contributions from above this level. Table 17 gives the relative intensities (correctedatleastapproximately for atmospheric extinc tion) and table 18 the p 's derived from them by the procedure already described.
Superficially the relative intensities seem to have the customary general trendthe (0,0) band is, for example, the most prominent as usual, and in the main the bands present are those expected to be strong and the bands absent are those expected to be weak. However, quantitative examination shows that in fact the distribution is ihost abnormal. This is most apparent from the values of the p 's,* which are very different from those calculated in the present paper (cf. table 4) or deduced from Herzberg's laboratory measurements (cf. table 5). As the agreement between these last is satisfactory and as Barbier's low latitude auroral data are in fair accord with them it is scarcely possible that it i § they that are incorrect. Further, even if no such comparison data were available the p 's derived from the high latitude aurorae would still be subject to grave suspicion as they do not satisfy the con sistency testsf given in §2*2. I t can be seen for instance that 2p(v', 0) does not V' approximate to unity as is required: and there are other similar failures. There is little doubt therefore that some disturbing factor has entered. What this may be is obscure.
Comparison between table 17 and table 6 shows that in any progression the auroral bands of shorter wave-length tend to be unduly weak compared with those of longer * It need hardly be mentioned again that these are dependent only on the emission transition NJ, B 2£" -> X -they are independent o f the excitation mechanism. t The assumptions on which these tests are based m ust, o f course, be borne in mind. wave-length.f This is the direction of the discrepancy th a t would be caused, if atmospheric extinction were grossly underestimated. B ut the effect is too great for such an explanation to be plausible. Thus the correction Vegard (1932) applies to the (0,0) band A 3914 relative to th a t to the (0,1) band A 4278 is only 1-2; and to bring the observed intensities into conformity with those in the present paper a further factor of about 1*9 is required. I t might be suggested th a t self-absorption might be the process responsible. Since the relative populations of the various vibra tional levels of the nitrogen ions must decrease with increasing vibrational quantum number a change of the correct sense in the intensity distribution is certainly produced in this way. However, an elementary calculation shows th a t quantitatively the effect is unimportant: further, the band profiles published by Vegard & Tonsberg (I935) indication of the phenomena. Suspicion is cast on the reliability of the auroral measurements by the fact th a t claims th a t the ratio of the intensities of bands arising from the same vibrational level is not a constant. This apparent effect is illustrated in table 19 which gives the average results of measure ments made a t Tromso and Oslo on the intensities of the first three members of the v' -0 progression. Both sets of figures differ appreciably from the corresponding set in table 17 and considerably from each other: thus, as will be noted, the intensity distribution a t Tromso exhibits a more rapid fall-off than does th a t a t Oslo. T hat the difference is real is difficult to credit: it certainly cannot be associated with the actual emission in the aurorae itself: and as has been remarked the effects of atm o spheric extinction and self-absorption are too small. Both quartz and glass spectro graphs were used and yielded much the same type of result (cf. Vegard & Tonsberg * The identification of the (5, 7) band with an emission of intensity 1-6 a t A4487 is also proposed, b ut this m ust be treated with reserve. Isolated bands are always open to suspicion. t The effect is strikingly illustrated if the ratios of corresponding intensities are tabulated.
Vol. 196. A. 16 T a b l e 17. I n t e n s i t y d i s t r i b u t i o n o f n e g a t i v e s y s t e m
1940). Nevertheless the possibility th a t instrumental or calibration error enters in some way must be raised. Some support is lent to it by the fact th at Rypdal & Yegard (1940) , employing a somewhat similar technique to th at in the observational work, obtained from a laboratory source an intensity distribution resembling th a t given for the aurorae but quite different from th a t found by all other workers. The individual measurements too showed inconsistencies: for example, the ratio of the intensity of the (0,0) band A3914 to th at of the (0,1) band A4278 ranged between 0*93 and 2*4. The uncertainties mentioned make it impossible a t present to discuss the excita tion mechanism satisfactorily. However, a preliminary survey is a t least possible. To minimize possible errors in the data bands of constant (v' -v") (and thus having wave-lengths not greatly different) were considered together: for each such group the relative rates of population of the various vibrational levels of N^-, B 2S^ were -computed from the intensities by the use of table 6; the values obtained were then averaged. Table 20 contains the final results of the analysis. Information is scanty for the level v' = 3 as only a single band, (3,5) A 4554, arising from it has been record I t is desirable th a t the (3,2) band A 3549 which is the strongest in the progression, be sought. The difference between the figures in table 20 and the corresponding ones in table 16 is very pronounced. I t illustrates clearly the fact, already mentioned, th a t the negative system is much less fully developed in high latitude aurorae than in low latitude aurorae. However, even in high latitude aurorae the degree of the development appears to be considerable. I f the excitation arises simply through collisions between electrons and nitrogen molecules in their ground state a vibrational temperature of some 2000° K is required to reproduce it approximately (cf. table 11). This is, of course, far below the vibrational temperature of 8000° K th at had to be invoked in low latitude aurorae when the same hypothesis regarding the process of * The units were adjusted to make the intensity of the (0,0) band A 3914 the same as given in table 17. The separate results giving the means quoted show a scatter sufficiently wide to include some th a t agree with prediction. Thus, on one occasion Vegard obtained the following distribution: (0,0) A|3914-47-4, (0,1) A4278-14-3, (0, 2) A4709 not recorded so presumably very weak. This is very close to th a t in table 6. Unfortunately no other bands on the plate were measured. excitation was adopted. B ut the comparatively great particle concentration in the region near the 100 km. level makes it even more difficult to accept a vibrational temperature much above the translational temperature: and this latter is known to be about 500° K (or less). I t would seem, therefore, th a t the alternative to the enhanced vibrational temperature theory; th a t is, heavy particle excitation, must be considered very seriously. The contribution from this to the total excitation need not be as great as in low latitude aurorae.
In view of the interest attached to the interpretation of the results it is desirable th at the typical auroral intensity distribution be further investigated so th a t the apparent anomalies to which attention was drawn a t the beginning of the present discussion may be understood and eliminated. Until this is done the differences between tables 11 and 20 can only be regarded as suggestive.
The question naturally arises as to whether or not the intensity distribution of the negative system in high latitude aurorae depends on the altitude. To answer this it is necessary, as stressed by Nicolet,* to have data obtained from short exposures with the spectrograph pointed in a fixed direction, and a t a particular aurora. The Norwegian workers have published very fewresults got under the conditions specified. Four sets of suitable measurements have, however, been given by Vegard & Kviffce (1945) -two from a region close to the base of aurorae (low altitude) and two from near the convergence point of coronal forms (high altitude). There was no marked difference in the intensity distribution.! This, if confirmed, is a very im portant result which may have a considerable bearing on auroral theory (in particular in connexion with the heavy particle content of the incident streams). I t is contrary to the expectation th at the negative system in high latitude aurorae of great altitude might show the same extraordinary development as in low latitude aurorae (which are also of great altitude).
3-2-3. The relative intensity of the negative bands as emitted by high sunlit auroral rays has been investigated by Stormer (1939) . He confined his attention mainly to the intensity distribution within the blue-violet {v" -v' = 1) and blue (v" -v' -2) groups; since the total wave-length range in either group is small he was able to obtain the relative intensities directly from his photometric record without introducing any corrections: he made no attem pt to compare the two groups and merely expressed his results in arbitrary units chosen so th a t 100 repre sented the intensity of the leading members A 4278 and A 4709.
The excitation mechanism operative is certainly the resonance process,
As the average time between successive absorptions is rather less than 10 sec. (Bates 1949) , collisions are clearly too infrequent a t the great altitudes concerned (between 400 and 650 km.) to prevent the equilibrium degree of vibrational excita * Private communication. t As a reservation to this statem ent it m ay be mentioned th a t for the low altitude aurorae intensities were not given for either the (2, 3) band A4199 or for the (2, 4) band A4600 which m ight mean th at they were too feeble to measure. However, for the high altitude aurorae their intensities relative to those of the other bands was the same for the typical distribution. tion of the ions being established.* Hence from tables 13 and 6 the intensity dis tribution to be expected can be derived. Table 21 shows the relative intensities as given by S termer and as predicted in the manner just indicated. In view of the approximate nature of the intensity measurements the general agreement shown is quite good. I t is very satisfactory that the theory can account so well for the unusually high intensities of the later members of the two groups.f The observed development actually appears to be somewhat fuller than the calculated, but it is not possible to state whether or not the difference is of real significance. 3*2*4. The negative band system has been found to be present in the spectrum of the twilight sky. There is now little doubt (cf. Bates (1949) ) that the excitation process involved is the same as that just discussed. However, Dufay & Dufay (1947) have shown that the altitude of the atmospheric region responsible is only about 100 km., and here the molecular concentration is so great that the relative populations in the various vibrational levels of the ions are mainly controlled by collisions and not by absorption and emission of resonance radiation. Hence, in calculating the in tensity distribution, table 12 must be used in place of table 13. As the vibrational temperature is presumably low the development of the system would not be expected to be as full as in the high sunlit auroral rays: but it would be expected to be more extensive than if the excitation process were by electronic bombardment. Though Dufay & Dufay do in fact remark that the development is considerable they do not give any actual intensity measurements. I t is very desirable that these should be made. Table 22 shows the wave-lengths of the second positive system (73n M -I? 3IT as determined by Pankhurst & Gay don 4 The calculated p 's are given in table 23. Estimated intensities have been published by Birge (1926) , Smyth & Arnott (1930) and others, but reliable quantitative measurements are somewhat lacking. The most * R may be mentioned that collision deactivation is less important for photo excitation than for electron excitation (v. supra) as in the equilibrium distribution (neglecting collisions) the relative population of the levels with v4 0 is much less. t The extent of this enhancement can best be realized by comparison of the figures in table 21 with the corresponding figures in table 9 which gives the intensity distribution for what may be regarded as the standard excitation mechanism (collision between electrons and nitrogen molecules at a low vibrational temperature). extensive series is th at due to Tawde (1934) who investigated the intensity distribu tion from four types of source and thereby derived the p 's associated with the transition. Unfortunately, the values he obtained from the various sources differed very greatly so th at they cannot be used with much confidence. Nevertheless it is perhaps worth quoting the averaged p 's and this is done in table 24. As can readily be verified they do not satisfy the consistency test of § 2*2. However, comparison with table 23 suggests th a t they are not grossly in error. They may therefore be used a t least as an approximate guide for those bands for which no other information is available. Only two processes for populating the upper C zUu state were considered of sufficient interest to investigate. These are electronic excitation of the neutral molecule (in its ground state), Na( X iS + ) + e^N 2((7»nM ) + e,
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4*1. The basic data
the calculated p 's for which are given in table 25, and electronic recombination with the ionized molecule (in its ground state),
the calculated p ' s for which are given in table 26. As the transitions are of the pe dicular type the figures should not be regarded as very accurate.
A check on some of the work is provided by the experiments of Langstroth (1935) who measured the intensity distribution resulting from process (24). Owing to the characteristic rapid initial rise of the excitation function associated with an optically forbidden transition, the ratios of the rates of population of the various vibrational levels of the upper state show some dependence on the energy of the bombarding electrons. The effect can most simply be expressed by introducing within the integral in equation (12) a multiplying factor p (v',v",e) . Table 27 gives the values of the factor obtained by Langstroth. As is apparent, they tend to a constant (which can be taken to be unity) in the region a little above the excitation potential. The observed relative intensities here are given in table 28 and the predicted relative intensities (as derived from tables 22,25 and the mean of tables 23 and 24) in table 29. I t can be seen th at the agreement between the two, though in general fair, is rather poor for the weaker bands: there is moreover a tendency for the predicted develop ment to be less extensive than the observed. The fact (already noted) th at the excita tion transition is of the perpendicular type may account for some of the differences. As little further can be done theoretically to improve the position, additional labora tory measurements should be performed. At present, to minimize the degree of uncertainty, it is probably best to average the data. As for the negative system it is useful to know the intensity distribution th a t arises if the population rates to the various vibrational levels of the excited state are equal. Table 30 was therefore compiled. I t was obtained by averaging the results from table 22 and the mean of tables 23 and 24 and from table 28. In employing it, the possible inaccuracies of the data on which it is based must be remembered-the figures at the extreme right (which are based solely on Tawde's measurements) are especially open to suspicion.
The different tables can, of course, be combined together to yield results for a number of excitation conditions other than those already discussed. Table 31 is of some importance. I t gives the relative population rates for process (24) with the parent molecules not in their zeroth vibrational level (as previously assumed) but instead distributed among the different vibrational levels, their effective tem perature ranging from 500 to 8000° K. An interesting feature is th a t taking the population rate to the zeroth vibrational level to be unity the relative population rate to the first vibrational level initially decreases with rise of temperature. This abnormal effect is caused by the smallness of p (l, 1) relative to p (0 ,1) (cf. table 25). The usual type of variation is exhibited by the relative population rate to the second vibrational level. I t will be noted th a t the influence of temperature is much less marked than in the case of the negative system. The accuracy of the figures is not high (v. sujpra).
O b s e r v e d i n t e n s i t y d i s t r i b u t i o n o p s e c o n d p o s i t i v e b a n d s a s EXCITED BY THE COLLISION OP ELECTRONS WITH NEUTRAL NITROGEN MOLE CULES IN THEIR GROUND ELECTRONIC STATE AND ZEROTH VIBRATIONAL LEVEL
The measurements a t present available on the emission of the second positive system from the upper atmosphere are not sufficiently extensive to justify publishing further auxiliary tables here. If required, these can readily be derived from the data th a t have been collected. The spectral location of the second positive system is not favourable for obser vational work, many of the stronger bands being in the ultra-violet region. Con sequently extensive measurements have not been made. 4*2*1. As far as low latitude aurorae are concerned the literature appears only to contain a few isolated remarks on identifications. Dufay & Tcheng Mao-Lin (1942) found evidence for the presence of the (0,2) band A 3805. They pointed out that, as this is situated near the short wave-length limit of their instrument, its intensity must be high for it to have appeared at all. No other bands of the system were detected on their spectra. Reference to the tables in the previous section shows th at this is consistent with what would be expected from any normal excitation mech anism. Barbier (1947) extended the spectral range beyond th at covered by Dufay & Tcheng Mao-Lin and tentatively suggested the presence of not only the (0,2) band A 3805 but also of the (0,0) band A 3371. He does not make any mention of the (0,1) band A 3577 whose intensity must be between th at of the other two, but conceivably it might have been obscured by the (1,0) band of the negative system A 3582. In any future work it is desirable th at a careful search be made for the individual bands th at are expected to be the most intense. With the plausible assumption th at the excitation is similar to th at of the negative system, it can be seen from the data collected in § 4*1 th at the following are likely to be the most prominent of the bands of wave-length above 3000A: (0,0) A3371, (0,1) A3577, (0,2) A3805, (1,0) A3159, (1,2) A 3537, (1,3) A 3755 and (2,1) A 3136. The detection of radiations a t these wave lengths would fully establish the presence of the second positive system in low lati tude aurorae. Information on the intensities should provide a useful guide to the excitation conditions if used in conjunction with tables 23 to 31; it will be par ticularly interesting to compare any conclusions reached in this way with those deduced from the intensity distribution of the negative system. Finally it is perhaps worth drawing attention to the fact th a t the (3,4) band A 3469 is comparatively weak and is only likely to be observable if a number of other members of the system, including those mentioned above, are strongly emitted (which they do not normally appear to be). I t is therefore improbable th a t the radiation a t about* A 3471A found by Gotz (1941) is due to this band. The correct identification is doubtless with the forbidden doublet of atomic nitrogen 2P -4S, A 3466 whose presence in low latitude aurorae was first observed by Slipher & Sommer (1929) (cf. discussion by Tcheng Mao-Lin 1942 and Dufay 1943) . -indicates band outside spectral region studied) 4*2*2. Vegard & Kvifte (1945) have published a typical intensity distribution for the second positive system in high latitude aurorae. This is reproduced in table 32: the units are the same as in table 17. There is some general correlation between the observed and predicted (table 29) variation of intensity along any v" progression. Thus the minima a t the (1,1) band A 3339 and the (2,2) band A 3309 occur in both. The agreement is not, however, detailed. As in the negative system the bands to the left tend to appear enfeebled relative to those to the right. J In view of the discussion in § 3*2*2 this will not be elaborated upon here. I t may, however, be mentioned th a t even allowing for the anomalous trend the (0,4) band A 4344 and the (3,7) band A 4142 seem much too intense-possibly some other emission contributes.
The nature of the data available makes it impossible to derive accurate relative population rates to the various vibrational levels of N 2 C 3IIM . Nevertheless some suggestive results can be obtained by combining the information in tables 29 and 32 and averaging over groups of bands of about the same wave-length. These are given in table 33. The slowness of the decrease of the relative population rate with in creasing v' is very striking. In any comparison with table 20 it should be remembered th a t because of fundamental properties of the nitrogen molecule the negative system is the more compact naturally. Mitra (1946) and Ghosh (1946) have suggested th a t the emission of the second positive system is due to the formation of nitrogen molecules in the C 3IIW state by recombination between electrons and nitrogen ions in the 22+ state. Bates, Massey & Pearse (1947) have criticized this proposal on the grounds th a t the photon yield is quite inadequate. Further evidence against it is provided by considering the degree of development of the system th a t would ensue. This can be calculated with the aid of table 26 (cf. § 2*2). Taking a vibrational temperature of 500° K or less, then with gr(0) unity, <7(1) is only 0*17 and g (2 ) is only 0*024 those deduced from the auroral data. The discrepancy cannot be removed by any acceptable increase in the vibrational temperature. 33. R e l a t i v e r a t e s o f p o p u l a t i o n g(v') o f t h e v a r i o u s v i b r a t i o n Electron impact with nitrogen molecules in their ground state X is less un satisfactory than the recombination process, but it also fails to provide the develop ment apparently required. Table 31 gives the predicted relative population rates. As can be seen, they are much smaller than the corresponding values in table 33. Their peculiar dependence on the vibrational temperature makes it even more probable than in the case of the negative system th at an enhancement of this by some overlooked effect cannot be invoked to explain the observed intensity distribution. B ut unfortunately, owing to the excitation transition being of the perpendicular type, the uncertainty in the calculated p 's makes the reality of the difference open to doubt. Further direct laboratory measurements are essential.
T a b l e
Nevertheless, it would once again seem reasonable to suppose th a t heavy auroral particles give a considerable contribution to the excitation. In this case, however, there is the alternative possibility th a t ionic recombination
is responsible: but it should be noted th at simple charge transfer is not sufficient for this process-the JT2S+ configuration (K, K, a-2, cr2, 7r£, < rg) and the (73IIM con figuration (K, K , er2, cru, 7rJ, <r*, ng) are such th at in addition an internal rearrange ment is required. I t would therefore seem probable th at the effective collision coefficient is not large. Attention may be drawn to the fact th at the transition.from the X x2+ state to the C 3IIW state involves a change in multiplicity. Account must be taken of this in assessing the plausibility of heavy particle excitation. The transition could not be produced by simple proton impact. But it could be produced by protons th a t had captured an electron (or by any other complex system) as electron exchange could then occur. The cross-section associated with such a process requires investigation.
4*2*3. Finally, before concluding the discussion, it is perhaps worth making a brief reference to the night sky emission. Most workers agree th at the second positive system is normally absent. But the complexity of the spectrum is such th at it is difficult to be certain. Dufay & D6jar din (1946) list 12 wave-length coincidents. By using table 30, which gives the relative intensities of the bands in any v" progression, the plausibility of the identifications can be judged. Details of the comparison need not be given here: it is sufficient to state th a t many anomalies appear. This gives support to the view of Dufay & D6jardin th a t the bands in question are best attributed to other systems.
T h e f i r s t p o s i t i v e s y s t e m
5*1. The basic data
Only the infra-red bands of the first positive system B zHg-A 8Z+ will be con sidered here. Table 34 gives the wave-lengths of some of the more im portant ones as determined by Poetker (1927) . Table 35 gives their calculated p 's. Now in addition to his wave-length measurements Poetker also obtained values for the relative intensities. While these are not of high accuracy* approximate p 's can be estimated from them. The values obtained are shown in table 36. As can be seen, the agreement with table 35 is not detailed but a t least there is confirmation of its main features which is as much as could be expected in view of the character of the experimental results and of the fact th at the transition is of the perpendicular type. In applications it is probably justifiable to assume th at the calculated p 's are fairly reliable.
Excitation processes were not investigated and it will only be remarked th a t the difference in the equilibrium inter-nuclear separation of N2X 1S+ and N2 is comparatively large (being in fact 0*115 x 10_8cm.) so th at the bombardment of nitrogen molecules in their ground state by electrons leads preferentially to the population of the higher vibrational levels.
5*2. Discussion
One of the most remarkable features of the night sky spectrum is the great infra red emission near A 10,440 discovered by Herman, Herman & Gauzit (1942) . Stebbing, Whitford & Swings (1945) , who independently observed the radiation, made the suggestion th at it should be identified as the (0,0) band of the first positive system, A 10,420. Now the (1,0) band A 8860 does not appear to be present with any appre ciable intensity. This might a t first seem peculiar, but Stebbing, Whitford & Swings put forward the explanation th at a selective excitation mechanism is operative. They suggested th at the process responsible is simply
If the dissociation energy of nitrogen is 7*383 eV* the excited molecules N 2(jB3n a) can only be in their zeroth vibrational level, thus satisfying the observational requirement.
While the identification mentioned is attractive further work is necessary before it can be regarded as established. In particular it is desirable th at a search be made for the (0,1) band near A 12,220 and the (0,2) band near A 14,790. From the data in § 5*1 it can be seen th a t the intensities of these two bands should be about 0*53 and 0*15 respectively (the intensity of the (0,0) band A 10,420 being taken to be unity). The observation of radiations of the wave-length and intensities stated would provide conclusive evidence for the emission from the night sky of the = 0 pro gression of the first positive system. In the meanwhile, the hypothesis of this emission forms a convenient basis for discussion.
The lower state of the first positive system is, of course, the upper state of the Vegard-Kaplan system A 3£+
1S+. This latter system should therefore also be emitted from the night sky. While it has indeed been found to be present the intensity distribution is not what would arise from the cascade effect. This is illustrated by table 37 which gives (a) the predicted relative rates of populating the various vibrational levels of N2, A 32+ by the v' = 0 progress and for comparison (6) the sum of the intensities (in arbitrary units) of the bands originating from each as observed by Cabannes & Dufay (1946) . The figures demon strate clearly th a t cascading is not the dominant mechanism responsible for bringing nitrogen molecules to the A 32+ state-a view expressed earlier by Bates (1947) : some other process, a t least 10 times as effective, must be operative. A number of possibilities suggest themselves (cf. Swings 1947), the most plausible being
Enough energy is available for the excitation of the vibrational levels up to = 8 (compare table 3 7 ): there* is insufficient for the excitation of the vibrational level v' = 9, the highest from which emission has been suggested to rise, but little import ance need be attached to this. The radiation a t A 10,440 is extremely strong compared with any other in the night sky spectrum. Stebbing, Whitford & Swings estimate it to be perhaps 100 times more intense than even A 5577, the prominent green forbidden line of atomic oxygen 1D -1S ; and to obtain the ratio of the photon emissions (including the emission from the unobserved part of the first positive system) it can readily be seen th a t a further factor of almost 4 must be introduced. Thus since according to Rayleigh (1930) the number of transitions needed for the green line of oxygen is 2 x 108/cm.2 column/sec. the number needed for the first positive system of nitrogen m ust be some 8 x 1010/cm.2 column/sec. I f the thickness of the luminous layer is taken as 10 km. the approxi mate rate of process (27) must therefore be 8 x 104/cm.3/sec., and hence th a t of process (28) must be 8 x 105/cm.3/sec.* From these figures it can be seen th a t about 8 x 1010 nitrogen atoms/cm.3 would be lost during the course of a n ig h t.t Now Stebbing, Whitford & Swings found th a t the infra-red emission was maintained throughout the hours of darkness: their photo-cell current only fell from 100 to 150 units just after sunset to 70 to 100 units just before sunrise. This indicates th a t the fraction of the free nitrogen atoms th a t disappear in a night is small, perhaps a fifth. Hence the peak concentration of atomic nitrogen must be of order 4 x 10u /cm.3. I t follows from the nature of process (27) and (28) th a t the altitude a t which the peak is located must be quite low. As little is known of the factors th a t determine the efficiency of three body reactions one would hesitate to estimate the coefficient associated with process (27) since the close resonance th a t occurs might conceivably greatly influence it; but process (28) (which, as has been seen, is the more rapid) presents no unusual features, so th a t its coefficient can scarcely be greater than 10-31cm.6/sec.* I f this value is adopted, and if the atomic nitrogen concentration is taken to be 4 x 10u /cm.3, then to obtain the association rate of 8 x 105/cm.3/sec. a third body concentration of 5 x 1013/cm.3 is needed, and this occurs about the 100 km. level. The Vegard-Kaplan system should, of course,1 also be emitted from here. This conflicts with the measurements of Barbier (1947) who claims th a t the altitude of their source is from 350 to 900 km. However, height determinations are still subject to much uncertainty. Further, Cabannes & Dufay (1946) have shown th at the rotational temperature of the metastable molecules is only about 230° K which favours a low altitude for the emission.
The atomic nitrogen concentration involved is very high. I t is not easy to under stand how it could be established against the loss processes acting (to overcome which atoms must be freed a t a mean rate of order 1012/cm.2 column/sec. or even more). Several mechanisms by which nitrogen molecules can be dissociated during the day have been suggested by Ta-You Wu (1944) and by Herzberg & Herzberg (1948) but they appear too slow, involving as they do either photo dissociation by solar radiation of very short wave-length (less than 500A) or predissociation through a forbidden electronic transition (X -+axYlg). The inadequacy of such processes is best illustrated by noting th at the required rate is not greatly less than th at for the dissociation of molecular oxygen which is produced by the action of radiation of comparative long wave-length (the threshold being 1760A) of very high intensity and which takes place through an allowed transition (X 32 B 32 ~). I t should perhaps be mentioned th at even if the infra-red emission is ignored the presence of certain other bands in the night sky spectrum is most readily explained if it is assumed th at the excitation energy is provided by the association of free nitrogen atoms (cf. Bates 1947) . However, a much smaller rate of formation of these latter suffices.
The remarkable nature of the conclusions regarding the state of the upper atmo spheric nitrogen th at appear to follow from the hypothesis of Whitford, Stebbings & Swings serves to emphasize the importance of further observational work to prove or disprove the correctness of identification of the infra-red emission. I t is clearly also desirable for a precise absolute intensity measurement to be made and for the intensity distribution in the Vegard-Kaplan system to be further investigated. In addition the temporal variations of the infra-red emission, and of the Vegard-Kaplan system should be studied to verify if they correspond as would be expected if they originate as postulated.
In conclusion I would like to thank Professor H. S. W. Massey, F.R.S., for his continued interest and encouragement.
* This is about the magnitude th a t is usually taken for the coefficient for the total three-body association rate. I t can readily be seen th at a much smaller value leads to serious difficulties. Now in the current theory of the night sky emission a number of lines and bands are presumed to originate through the association of free oxygen atoms. To explain the observed intensities the partial coefficients for such associations need only be a small fraction of the total coefficient (unless there is very effective collision deactivation, and this is improbable a t least for O (1S) in view of the observation of Dufay & Dufay (1948) th a t the forbidden green line is enhanced at twilight to the extent predicted by simple theory). I t is not altogether satisfactory th at it has to be assumed th at all or almost all the nitrogen associations yield particular excitationsespecially as process (27), which might have been exceptional, is not the only one th at has to be invoked.
A p p e n d i x
The energy distribution of the auroral electrons
The problem of calculating exactly the energy distribution of the auroral electrons is one of some complexity. No attem pt is made here a t a detailed solution which would require among other things a fuller knowledge of certain reaction rates than is available. I t may be useful, however, to give the results of an elementary exploratory investigation. Heavy particles will be ignored but this does not affect the essential argument.
As a crude model it is convenient to divide the auroral electrons into one of two main groups according to whether or not they have energy sufficient to excite or ionize the atmospheric constituents. Following the terminology used in the tex t the electrons in the high energy group will be referred to as active and those in the low energy group as passive: n(eA) and n(eP) denote Consideration of the equilibrium is sufficient to enable an estimate to be made of the ratio of these concentrations. Essentially the electrons in the active group are constantly being degraded to the passive group by loss of energy through excitation and ionization. The entry of electrons into the passive group must balance the disappearance of electrons from it due to recombination and attachm ent processes. This is expressed by the equation
where n(X) and n (X +) are respectively the concentrations of neutral particles and positive ions, A is the negative ion-electron ratio, £ is the coefficient associated with the degradation processes, a6 is the electronic recombination coefficient, and y is the attachm ent coefficient. I t need scarcely be emphasized th a t the situation th a t actually prevails has been greatly simplified. For example, the different atmospheric constituents are treated as one, and a number of processes such as collision detach ment and ionic recombination are ignored.* In spite of this equation (1) probably serves as a useful guide. Before proceeding to use it values have to be assigned to the various coefficients. Electrons in the higher part of the active group have to make many inelastic collisions (about 50 for those of energy 1 kV) before they themselves are finally degraded. This might suggest th at £ is much k ss than the inelastic collision coefficient. However, the electrons th a t are ejected in ionizing collisions (which form a con siderable fraction of the total number of inelastic collisions) tend to be in the lower part of the active group and are degraded by only a few inelastic collisions. I t is therefore reasonable to assume th a t the rate of passage of electrons from the active group to the passiye group does not differ by a large factor to m the inelastic collision ra te : th at is th a t £ is only several times smaller than the inelastic collision coefficient. On this basis a figure of IQ-7 cm.8/sec. was adapted, f Reliable experimental or * A discussion of the processes in an ionized atmosphere has been given by Bates & Massey (1946 .
t For data on inelastic collision coefficients cf. Darrow (1932) and M ott & Massey (1933) .
theoretical information on ae not being available it seems best to employ the values given by ratio observers, 10~8cm.3/sec. just above 100 km., 4 x 10-9 cm.3/sec. near 220 km. and 3 x 10-10cm.3/sec. near 300 km.* At the same time it must be realized th a t the coefficients during an aurora are not necessarily the same as those for normal conditions. Finally, rj is known from quantal calculations by Bates & Massey (1943) to be about 1*1 x 10-15cm.3/sec. for attachm ent to atomic oxygen (assuming the resonance phenomena not to occur). The dissociative attachm ent process
Og + e-. > ■ O-4* O (A 2 has a coefficient of about 10~10cm.3/sec. for electrons with energy of a few volts but does not occur for electrons in the passive group. Negative ions of nitrogen are not formed. Thus averaging over the constituents y can be taken as equal to 4 x 10-16 cm.3/sec. Despite the uncertainties in the coefficients some interesting conclusions can be reached. Using equation (A 1) table A 1, giving n(eP) in units {£/ae(l + A)}* for a range of n(eA) and n{X), was compiled (a trifling task since the term containing rj proved to be unimportant). In examining the results account must be taken of the unit in which the value of n{eP) is quoted. {£/ac}* can a t once be seen to be abo 1 x 10-8cm.3/sec. and about 20 if a e is 3 x 10-10 cm.3/sec. {1/(1 + A)}* is difficult to estimate reliably except at high altitudes. The attachment rate is 4 x 10 electron so th a t in, say, 2*5 x 104sec. the number of negative ions formed is only 1 x 10_11n(X )/electron. Hence in the region where n(X) is 1 x 1011/cm.3 or less the negative ion concentration will not normally have time to grow to be as large as the electron concentration and (1/(1 + A)}* can be assumed to be equal to unity. If w(X) is much greater than 1 x 10u /cm.3 the equilibrium negative ion concentration may, however, be established. This is controlled either by the associative detachment pr0CeS8 0 -+ 0 -> 0 a + e,
or by the ionic recombination process 0~+ X + -> 0 ' + X '. (A 4)
Unfortunately the coefficients associated with neither of these is known a t all reliably. B ut if th at for the former K is taken to be about 10-16 to 10-17 cm.3/sec.
(averaged over the atmospheric constituents as usual) and th at for the latter at to be about 10-10cm.3/sec.t (cf. Bates & Massey (1943) ), then it can be seen th a t A, whose equilibrium value is approximately given by the expression riKK + otinieP)), (A 5) cannot rise above 10 (and for the cases considered in the table is usually less) so th at (1/(1+ A)}* is in general not smaller than 0*3. Hence the units {£/ae( 1 + A)}* vary from about 1 for high cce and high A to about 20 for low ae and low A. I t is clear from the results th at almost all the auroral electrons are in the passive group. This is a t variance with the statement sometimes made th at their mean energy is of order 30 eV: but it is supported by the observational evidence th a t is available. Thus radio measurements have shown th a t the total electron concentra tion produced by aurorae must be a t least comparable with th a t in the normal ionized layers. Even if an improbably low figure is taken for the excitation coefficient it is apparent th a t only a very small fraction of these can be in the active group as otherwise the intensity of the radiation th a t would of necessity ensue would be much too great.* Recent radar developments have led to the hope th a t a more detailed investigation of auroral conditions than hitherto possible can now be undertaken. Valuable initial results have already been published by Lovell, Clegg & Ellyett (1947) . Their interpretation has been discussed by Herlofson (1947) who deduced th a t in the particular aurora studied the electron concentration was greater than 4 x 104/cm.3 and considerably less than 3 x 107/cm.3. This range is unfortunately rather wide. For the purpose of discussion, where a definite figure is desirable, 3 x 105/cm.3 seems a not unreasonable choice. Herlofson also deduced th a t the altitude was probably about 200 km. At this level there are slightly over 1011 atoms or molecules/cm.3. Adapting for n(eP) and n(X) the values quoted and referring to the table it can be seen th a t rather less than 1/cm.3 is the value predicted for n(eA). W ith an effective excitation coefficient of about 10-7 cm.3/sec. or perhaps greater this concentration gives rise to an emission of some 104photons/cm.3/sec. which is just the rate usually assumed for aurorae. To provide a proper check on .the theory precise electron concentration and intensity measurements are clearly needed. B ut even a t present there is little doubt as to the correctness of the general con clusion th a t n(eP) is very much greater than n(eA). I t is perhaps worth pointing out here th a t the treatm ent depends on the basic hypothesis th a t aurorae are produced by incoming particles. Some workers advocate the alternative hypothesis th a t aurorae are merely discharges caused by electric fields within the E arth 's atmosphere. I f this view were correct one would expect a higher proportion of energetic electrons than could be reconciled with observation. As regards the energy distribution within the active group, little-can be said a t present as a number of unknown factors enter. I t may, however, be remarked th a t the claim (already mentioned) th a t the electrons have an energy of about 30 eV is incorrect even if taken as applying to this group alone. I t is true th a t if the electrons did have about this energy certain laboratory and auroral intensity measurements would be consistent with each other:* but consistency can be obtained more naturally in other ways-by assuming for example that/(e), the distribution function, varies as e~* with t perhaps between 1 and 2 in the e-range from 15 to 40 eV. In view of the earlier remarks on the possible unreliability of the measurements ( § 3*22) it is necessary to treat with reserve any/(e) derived from them.
In connexion with the problem of understanding the emission of the negative bands of nitrogen from aurorae it is necessary to estimate the relative importance of the processes N2(X iS+) + e->N2 +(J52S+) + 2e,
and N £ (X 2S+) + e^N 2 +(R 2£+)-t-e.
The intensity resulting from the former will be denoted by /(N 2), th at from the latter by /(N^f*), and /(Njj-)//(N2) by r.If it is assumed th at t are mainly in the excited state and th at they disappear mainly by recombination with electrons then it can be seen th at r A N 2 +) w(eA)/ae(N2 +) »(«P), (A 8) where ) is the excitation coefficient associated with (A 7) and ae(N^) is the electronic recombination coefficient for nitrogen ions. The values of the coefficients are not known reliably, but their ratio /^(N^ )/ae(N2') probably lies between 1 and 1000. These limits, despite their wideness, are sufficient for the present purpose. For, taken in conjunction with the data in the table, they show th at r becomes com parable with unity only when n{X) is very low indeed (less than perhaps 108/cm.8).f Thus it would appear th at process (A7) is unimportant compared with process (A 6) except a t extremely great altitudes.
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